Many energy and information storage processes rely on solute intercalation into a solid matrix. Compared to their bulk counterparts, nanostructured materials appear to exhibit faster charging and discharging kinetics, extended life cycles, and size-tunable thermodynamics. However, in ensemble studies of these materials, it is often difficult to discriminate between intrinsic size-dependent properties and effects due to sample size and shape dispersity. Here, we detect the phase transitions of individual palladium nanocrystals during hydrogen absorption and desorption, using in-situ electron energy-loss spectroscopy (EELS) in an environmental transmission electron microscope. In contrast to ensemble measurements, we find that palladium nanocrystals undergo sharp transitions between the ↵ and phases, and that surface effects dictate the size dependence of the hydro-1
gen absorption pressures. Our results provide a general framework for monitoring phase transitions in individual nanocrystals in a reactive environment and highlight the importance of single-particle approaches to the characterization of nanostructured materials.
The study of phase transitions involving solute intercalation in nanomaterials is essential for a wide range of applications such as hydrogen storage [1] [2] [3] , battery charging [4] [5] [6] [7] [8] , memory switching 9, 10 , and nanoparticle synthesis 11 . Metal hydrides, and palladium hydride in particular, represent a convenient model system of solute intercalation, as they are characterised by fast hydrogenation and dehydrogenation kinetics at readily accessible transition temperatures and pressures. While initial reports of hydrogen absorption in Pd date back to 1866 12 , establishing the intrinsic, nanoscale size-dependent thermodynamic properties of this system has only just begun 1, 3, [13] [14] [15] . Recent studies of nanoscale systems have revealed significant thermodynamic deviations from the bulk, likely attributable to their increased surface area-to-volume ratio, modified defect chemistry and increased interaction with the substrate 1 . For example, ensemble measurements of ⇠3 nm and ⇠7 nm Pd nanoparticles have suggested a continuous transition from the dilute ↵ phase of PdH x to a hydrogen-rich, lattice-expanded phase 15 .
Sloped isotherms have also been observed in ensemble luminescence studies of Pd nanocubes with sizes ranging between 14 and 65 nm, which suggest that the ↵-to-phase transition in nano-metal hydrides is mediated by thermal fluctuations 3 . Such studies provide striking contrast with the sharp ↵-to-phase transitions observed in bulk palladium, and could have profound consequences for materials design in energy and information storage applications. Still, it remains uncertain if some of the trends observed result from intrinsic size effects or from particle dispersity inherent in the ensemble measurement.
Single particle measurements would resolve this ambiguity, but observing phase transitions in individual nanoparticles is extremely challenging 10, 16, 17 , particularly in reactive gaseous or liquid environments. One elegant approach to sense hydrogenation in an individual Pd nanoparticle relies on shifts in the surface plasmon resonance of a nearby gold nano-antenna [18] [19] [20] .
Upon hydrogenation of Pd, the gold plasmon resonance shifts, either due to changes in the Pd permittivity 19, 20 , which modifies the local dielectric environment, or in the Pd volume 21 , which changes the Pd-Au interparticle separation. While some single particle measurements have resembled ensemble results 18 , others have indicated a sharper ↵-to-phase transition and definitive hysteresis 19 , more akin to bulk palladium.
The inconclusive findings of single-particle measurements reflect the difficulty in probing nanomaterial phase transitions. Studies based on plasmonic nanoantennas only show small frequency shifts or line width broadenings upon hydrogenation of a nearby Pd nanoparticle.
Many single particle experiments suffer from limited control over the particle size, shape and crystallinity: so far, the palladium nanostructures in all single particle studies are either evaporated onto a substrate or grown as thin shells on gold nanoparticles. Additionally, strains due to elastic interaction of the nanoparticle with the support can severely impact the system's thermodynamics. To date, direct measurement of hydrogen absorption and desorption in a single unconstrained Pd nanocrystal remains an outstanding challenge.
Here, we present the first experimental observation of hydrogen absorption and desorption in individual Pd nanocrystals, thus elucidating their hydrogenation and dehydrogenation thermodynamics. Rather than relying on the surface plasmon resonance of a nearby nanoantenna, we probe the bulk plasmon resonance of the Pd nanoparticle. Importantly, the bulk plasmon resonance is directly correlated to the complex permittivity of a material 22 , which in turn is strongly dependent on the hydrogen concentration in palladium 23 . To excite and detect the bulk plasmon resonance, we rely on EELS in an environmental (scanning) transmission electron microscope (E(S)TEM). Upon hydrogen absorption, individual Pd nanocrystals exhibit large red shifts (exceeding 2 eV) in their bulk plasmon resonance 24, 25 , and these shifts are reversible upon desorption. Our environmental (S)TEM-EELS approach allows correlation of individual particle spectra with particle size and crystallinity with high spatial and energy resolution.
Single particle isotherms
Palladium nanocrystals terminated by {100} planes were colloidally synthesised using a previously reported method that yields nanocubes with edge lengths ranging from 10 to 35 nm 26 . Pd nanocubes with varying sizes was identified and tracked during the hydrogen loading experiment ( Figure 1c ). Monochromated EEL spectra were acquired through the centre of each Pd nanocube, first at increasing (loading) and then at decreasing (unloading) H 2 pressures, while keeping the sample at 246.0±0.5 K. This temperature allowed the measurement of complete loading/unloading Pd isotherms within the pressure range allowed in the transmission electron microscope (p(H 2 ) < 1000 Pa). The measured peaks, which correspond to the bulk plasmon resonance of the nanocubes 29 , were used to track the hydrogenation state of Pd; a large and reversible shift in bulk plasmon resonance marks the transition from a diluted ↵ phase (peak at 7.7 eV), to a concentrated phase (peak at 5.6 eV) 24, 25 . Further details on the nanocube synthesis, the TEM grid preparation, and the EEL spectra acquisition can be found in the Supplementary Information (SI 1). The complete EEL spectrum evolution of the 23 nm Pd nanocube upon H 2 pressure increase and decrease is shown in Figure 2b . At the beginning of the loading experiment (top), the nanocube is in its ↵ phase, characterised by a bulk resonance peak of ⇠7.7 eV. The bulk EELS signal remains approximately constant until a pressure of 98 Pa, where a sudden ↵-totransition occurs, as indicated by the abrupt 2 eV red shift of the EELS peak to ⇠5.7 eV. Importantly, the hydrogenation process is fully reversible, with the Pd nanocube returning to its ↵ phase upon H 2 pressure decrease.
From the EELS peak positions at varying pressures, we construct full loading and un-loading isotherms for 12 individual Pd nanocrystals with sizes ranging from 29 nm down to 13 nm. These isotherms are plotted in Figure 3 and overlaid on the STEM images of the corresponding nanoparticles. As a function of hydrogen pressure and particle size, several trends can be noted. First, all particles larger than 15 nm show very abrupt transitions between the ↵ and phases (top two rows). This result is in striking contrast to the sloped transition regions that characterise ensemble measurements of Pd nanocubes of similar sizes 3 , and suggests that ensemble results are influenced by the distribution in particle size, shape, and surface chemistry of the nanocubes. Second, particles smaller than 15 nm do exhibit sloped transition regions, suggesting that they have more complex loading thermodynamics. Third, the nanocube isotherms show large hysteresis gaps between their loading and unloading pressures. Fourth, the nanocubes exhibit size-dependent loading pressures, with all particles loading below the bulk loading pressure (white dashed lines). The larger nanoparticles investigated in our study tend to load at higher equilibrium pressures than the smaller ones. The desorption pressures, on the other hand, do not follow any obvious trend. This effect could be due to beam-induced heating of the nanoparticles during EELS acquisition, which would generally cause smaller particles with smaller heat capacities to unload prematurely. As explained in SI 2, this effect only affects the unloading isotherms, while the loading isotherms remain unperturbed.
Coherent versus incoherent intercalation mechanism
The presence of a large hysteresis gaps in metal-hydride loading and unloading isotherms has been the subject of investigation for many years 13 . Two models have generally been proposed to explain this effect. In one interpretation, incoherent precipitates of the phase nucleate and grow in the ↵ phase. The presence of a large interfacial energy barrier prevents phase transition from occurring at thermodynamic equilibrium (where the chemical potentials µ of hydrogen in the gas and in the ↵ and phases satisfy:
and results in the opening of a hysteresis gap. An alternative explanation considers the two coexisting phases to be coherently bound, characterized by a smoothly-varying lattice constant between the ↵ and phases 31 . This coherency results in a macroscopic elastic energy barrier that is proportional to the volume of the sample 28 . Importantly, such an energy barrier prevents the coexistence of the two phases at thermodynamic equilibrium and gives rise to a hysteresis gap that depends on the elastic constants of the materials and on the lattice mismatch between ↵ and .
In order to discriminate between these two competing mechanisms, we consider the critical size of a coherent precipitate, which is determined by the balance between the strain energy stored in the precipitate and the energy required to form a dislocation 32 . This critical size is known to increase upon nanostructuring 33 . Indeed, although the maximum dimension of a coherent hydride inclusion in bulk Pd is expected to be on the order of 4 nm 27 , two-dimensional Pd thin films undergo coherent phase transitions up to a thickness of 22 nm 33 . A complete theory for the critical coherent size in zero-dimensional nanocrystals has not yet been developed, but it is reasonable to expect an even larger limit for nanoparticles than the one found in thin films.
An indication that a coherent mechanism could be responsible for the behaviour observed in our nanocrystals comes from an analysis of the thermodynamic stability of a dislocation loop in a Pd nanoparticle. For analytical tractability, we consider a spherical Pd nanoparticle and assume that loading occurs first at the surface 2, 34 . This loading scenario gives rise to a core shell structure in which the core is in the ↵ phase and the shell in the phase. Our calculations
show that a coherent, dislocation-free interface between the core and the shell is expected for
Pd nanospheres with diameters as large as 30 nm 35 (see SI 3) . Given that all the particles we investigated are smaller than this critical size, the formation of incoherent interfaces is energetically unfavourable and thus unlikely to occur. Our analysis therefore suggests that the two phases are coherently bound and that the ↵ and phases do not coexist in the core of a single crystalline nanocube. Interestingly, a similar suppression of phase coexistence upon nanostructuring has been observed in Li-insertion compounds that exhibit large volume expansions upon ion intercalation, such as TiO 2 and FePO 4 36, 37 .
Surface stress induces size-dependent thermodynamics
As shown in Figure 3 , the loading equilibrium pressures of our nanocubes generally decrease with decreasing particle dimensions. This trend, which has also been observed in ensemble experiments 3 , can be explained by considering the effect of surface stress on the thermodynamics of hydrogen absorption in nanoscale hydrides, as first proposed by Weissmüller and Lemier 38, 39 . It is known that hydrogen atoms saturate sites at grain boundaries and at the surface of nanocrystalline Pd at H 2 partial pressures well below the ↵-to-phase transition 13, [39] [40] [41] .
The thickness of such a surface region has been estimated to be of the order of 1 nm 39, 41 . The hydrogen concentration in these sites remains unchanged during the hydrogen absorption in the interior of the particle. Following the approach of Weissmüller and Lemier 38 , we therefore model our nanocrystals as composed of a PdH x core of hydrogen concentration x, surrounded by a 1-nm-thick shell of PdH x shell , characterised by a constant hydrogen concentration x shell . At low H 2 partial pressures, x shell > x, and the lattice mismatch between the core and the shell results in a hydrostatic tensile pressure on the core, which modifies the chemical potential of hydrogen in the solid. In the limit of a perfectly coherent core/shell interface, the hydrogen chemical potential in a Pd nanoparticle, µ H,nano , can therefore be expressed as the hydrogen chemical potential in bulk Pd, µ H,bulk , plus a term µ H,stress that takes into account the surface stress 39, 42 µ H,nano = µ H,bulk + µ H,stress = µ H,bulk 3"KV H
where K is the bulk modulus of Pd, V H is the partial molar volume of hydrogen in Pd, and " is the linear strain in the core due to the presence of an excess hydrogen concentration in the shell.
In equation (1), the term µ H,bulk is given by Brodowsky 43 and contains the electronic contribution due to the increase in Fermi energy upon hydrogen absorption, the elastic H-H pair interaction and the configurational entropy. In order to derive an analytical expression for the linear strain in the core, ", we again approximate a nanocube of edge length h as a spherical core/shell particle with total diameter h and shell thickness t. It has in fact been shown that lattice-mismatched cubes and spheres embedded into a host matrix give rise to similar strains 44 .
The strain can therefore be expressed as
where V Pd is the molar volume of Pd,d = 2t/(h 2t), and ⌫ is the Poisson's ratio of palladium, that is assumed to be constant with hydrogen concentration 47 . Substituting equation (2) into equation (1) shows that the stress due to the excess hydrogen concentration at the surface introduces particle size-dependence in the chemical potential of hydrogen in palladium. Figure 4a shows the concentration dependence of the chemical potential of hydrogen in bulk Pd, µ H,bulk , and how it is modified due to the presence of the stress term, µ H,stress , for a 15 nm Pd nanoparticle. The dashed horizontal line marks the chemical potential at the spinodal concentration, x ⇤ satisfying @µ/@x = 0, that corresponds to the beginning of the ↵-to-phase transition for systems in which coexistence is suppressed 31 . From this concentration we can determine the hydrogen loading pressure for different particle sizes using the equilibrium condition:
where µ 0 H 2 and p 0 are the standard chemical potential and pressure of H 2 gas, respectively. Figure 4b shows a fit of our experimental loading pressures as a function of particle size, using equation (3) . We find that a constant shell concentration x shell = 0.51 well describes the observed size-dependence. This value, which has been determined assuming a shell thickness of 1 nm, is in reasonable agreement with the 0.44 subsurface hydrogen concentration measured in single-sized palladium clusters 13 . A surface layer thicker than 1 nm might be expected for {100}-terminated cubes, as it has been observed that hydrogen on Pd(100) populates subsurface sites in a region up to 4 nm in depth 48 . Assuming a thicker surface layer in our model would therefore yield a smaller shell concentration (further details of the surface stress model are given in SI 4). Interestingly, the hydrostatic tensile pressure exerted on the core by the expanded shell can only arise if the core and the shell are coherent. The observed size-dependence therefore further supports the coherent model for the ↵-to-phase transition.
Conclusions
In summary, we have reported the first direct measurement of hydrogen absorption and desorption in individual palladium nanocrystals, using in-situ environmental (S)TEM-EELS. Loading and unloading isotherms of single-crystalline Pd nanocubes are characterised by sharp ↵-tophase transitions and large hysteresis gaps. Surface stress due to excess hydrogen concentration at the surface of the nanocrystals can account for the size dependence of the equilibrium loading pressures. The loading and unloading isotherms of individual nanocrystals are consistent with a coherent loading process, in which phase coexistence is suppressed. Such an intercalation mechanism could be used to interpret a wide range of solid state reactions in which a reservoir of intercalants is in equilibrium with a coherent host lattice, such as Li-ion insertion in nanostructured electrodes 5, 7 and ion exchange reactions in quantum dots 11, 17 . More generally, our in-situ detection scheme offers new avenues to study phase-transitions of single nanoparticles in a wide-range of reactive environments, with as-of-yet unknown thermodynamic properties.
Methods
Nanocube synthesis Single-crystalline {100}-terminated Pd nanocubes were synthesised following a previously reported method 26 . The particles were stabilised with hexadecyltrimethylammonium bromide (CTAB) and were washed twice with water to remove excess ligands. The synthesised nanoparticles had an average edge length of 25 nm, based on about 500 particles measured by TEM.
In-situ environmental STEM EELS of individual Pd nanocubes. 10 µl of the cleaned nanocubes were dispersed onto a 20-nm-thick SiO 2 membrane (SPI Supplies) and allowed to dry in air for 40 minutes. Prior to TEM, the SiO 2 membrane was plasma cleaned to remove organic contamination sources and to render the surface more hydrophilic. The sample was mounted onto a TEM cryo holder, that allowed sample temperature control to within ±0.1 K.
All experiments were carried out using a FEI Titan 80-300 environmental (scanning) transmission electron microscope (E(S)TEM) operated at 80 kV. The microscope was equipped with a monochromator, an aberration corrector in the image forming (objective) lens and a Gatan 966 Quantum electron energy loss (EEL) spectrometer. EELS experiments were performed in monochromated STEM mode using a 50 µm C3 aperture, a 48 mm camera length, a 2.5 mm spectrometer entrance aperture and at a dispersion of 0.01 eV per channel. These settings correspond to a convergence semi-angle of 8.7 mrad and a collection semi-angle of 20.2 mrad.
Before acquisition of the equilibrium isotherms, the Pd nanocubes were loaded and unloaded with hydrogen three times to relax stresses in the nanoparticles (see SI 1.4 for details). The sample was then cooled to 246 ± 0.5 K and the H 2 (99.9999%, Praxair) pressure was varied between 4 and 600 Pa using a home-built gas manifold system operated by a mass flow controller.
The H 2 pressure in the microscope chamber was monitored using an Edwards Barocell 600 capacitance manometer, with a precision of ±3%. At each pressure point, EEL spectra were acquired for all Pd nanocubes. During EELS acquisitions the STEM probe was defocused to a diameter of 7 nm, to minimize electron dose and beam-induced hydrogen desorption. When the H 2 pressure was being varied, the electron beam was kept in a "parking" position at a sample region away from the particles being investigated, and the sample was allowed to equilibrate for at least 10 minutes before the next data acquisition. Further details of the experimental procedure are in SI 1.
45. Rockenberger, J. et al. The peak maxima are indicated with a red (loading) or yellow (unloading) circle. The increased signal at E > 9 eV at high H 2 pressures is due to increased electron energy losses in the H 2 gas. 
